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ABSTRACT 
The hypothesis of this study was that [Ca2+] and [Si4+] ions might dissolve from Mineral 
I 
Trioxide Aggregate (MTA) which enhances hard tissue formation. The purpose of this 
experiment was to determine the dissolution of [Ca2+] and [Si4+] ions from MTA into 
culture medium and to determine if this dissolution could be altered by adding 1) 6% 
Silicon and 4.5% Calcium and 2) 30%Silicon to MTA to yield 2 modified versions, 
mMTAl and mMTA2 respectively. Discs (15.6 mm diameter X 2 mm) ofMTA, 
mMTAl, and mMTA2 were prepared and placed into 24 well plates to which 1.5ml of 
culture medium was added and incubated at 37°C, 5% CO2 and 100% humidity. The 
culture medium was changed, collected, and pH readings were taken every 3-4 days for 
15, 30, 60 and 90 day intervals. The [Ca2+] and [Si4+] in the culture medium were 
lV 
analyzed using inductively coupled plasma. The pH readings of the culture medium were 
not significantly different among the control, MTA, mMTAl and mMTA2. Using 
ANOVA and Tukey HSD statistics mMTAl leached more [Si4+] than MTA and mMTA2 
with statistical significance (p<0.05) at all time intervals. MTA and mMTAl leached 
more calcium than mMTA2 (p<0.05) at 90 days but no differences were seen among 
MTA, mMTAl and mMTA2 at other time intervals. In conclusion, [Ca2+] and [Si4+] 
dissolves from MTA into culture medium. This dissolution of [Ca2+] and [Si4+] can be 
modified with the addition of Silicon. Funding by Boston University Departments of 
Endodontics and Biomaterials. 
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INTRODUCTION 
Mineral trioxide aggregate (MTA) has received much attention in the recent past. 
This can be attributed to its superior results in in-vitro and in-vivo studies when compared 
with previously used root-end filling materials such as amalgam, super-EBA and 
Intermediate Restoration Material (IRM). MTA has been shown to have less dye and 
bacterial leakage, is not affected by blood contamination, and has better marginal 
adaptation, lower cytotoxicity, and lower inflammation of the surrounding tissues when 
compared with previously used materials for root-end fillings (Torabinejad et al., 1993-
1995). 
Several studies have shown MTA to be biocompatible (Koh et al., 1997). MTA 
has been clinically used in vital pulp therapy, apical plug, root perforation repair, root-
end filling, coronal plug, temporary filling, and in some cases for vertical root fracture 
repair (Torabinejad et al., 1999). Previous solubility studies have shown that the main ion 
that dissolves from MT A is calcium. It has been suggested that cementum formation on 
the surface of MT A may be due to its superior sealing ability and its high pH. The high 
pH may be due to CaOH in its hydroxylated state (Fridland and Rosado, 2003). However, 
these studies were performed using water as a medium and the present study used culture 
medium. 
MT A is a powder composed of hydrophilic particles that set in the presence of 
moisture in about 3-4 hours when it is mixed with distilled water. 
X-ray diffraction analysis ofMTA shows specific phases throughout the material. MTA 
is composed of calcium oxide and calcium phosphate. Further analysis demonstrated that 
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the calcium oxide appeared as discrete crystals and the calcium phosphate as an 
amorphous structure with a granular appearance. The mean value of the prisms was 87% 
calcium and 2.4 7% silica, the remainder being oxygen. In areas of amorphous structure, 
there seemed to be 33% calcium, 49% phosphate, 2% carbon, 3% chloride, and 6% silica 
(Torabinejad et al., 1995). The two elements that are of particular interest to us are 
silicon and calcium because of their important osteogenic effects on bone mineralization. 
SILICON AND CALCIUM 
As early as the 1970s, Carlisle reported that silicon is an important trace element 
for the formation and mineralization of bone (Carlisle, 1970). This study was one of the 
first to show evidence for the requirement of silicon for connective tissue and cartilage 
formation. It is well known that most of the mineral in bone is crystalline calcium 
hydroxyapatite (Ca 10[PO4] 6[OH] 2). Calcium when present in higher than physiological 
concentrations has been shown to modify cell functions of macrophage like mononuclear 
cells ( chemotaxis, DNA synthesis, and viability) (Yamaguchi et al., 1998), osteoclasts 
(resorption and viability) (Zaidi et al., 1989), osteoblasts (differentiation, viability), and 
bone matrix gene expression (Nakade et al., 2001). 
It would be interesting to investigate ifthere is any silicon and/or calcium that leach from 
MTA into culture medium. This silicon and/or calcium may be responsible for some of 
the positive results seen with respect to bone healing with MT A use. The present study 
also determined whether leaching can be modified with addition of 1) calcium and silicon 
and 2) SiO2 to MTA to optimize the material to enhance the osteogenic effects. 
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The purpose of this investigation was to determine the solubility of MTA and two 
modified versions of MT A in culture medium. This is in contrast to the water solubility 
studies of MT A that have been done in the past. This study more closely simulates a 
realistic biological model. The modified versions of MT A used in the study were 
mMTAl (MTA+ 6% silicon and 4.5% Calcium by weight) and mMTA2 (MTA+30% 
Silicon by weight). The experiment determined the change in mass of the samples (MTA, 
mMTAl, and mMTA2), changes in the pH of the culture medium, and changes in the 
surface chemistry of the samples. In addition, the study measured the concentrations of 
silicon and calcium ions leaching into the culture medium. This allowed for a comparison 
of these three biomaterials in terms of differences in their solubility. If differences exist, 
then a modified version of MT A can be optimized by adding different amounts of Silicon 
and/or Calcium to MTA to further enhance the osteogenic properties ofMTA and thus 
offer improved treatment options for clinicians and patients. 
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LITERATURE REVIEW 
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LITERATURE REVIEW 
When there is a persistent failure of the apical seal of a root canal system, there is 
an egression of endotoxins from the bacteria that may not have been cleaned from the 
root canal system (Tang et al., 2002). Endotoxin is a lipopolysacharide (LPS) which is a 
major component of the cell wall of the gram-negative bacteria and is released when 
these bacteria undergo disintegration (Tang et al., 2002). These endotoxins have pro-
inflammatory properties and can participate in pathogenesis of periradicular lesions 
(Tang et al., 2002). This lesion is referred to as a lesion of endodontic origin (LEO). In 
the event that re-treatment has been attempted or re-treatment is not an option because of 
physical barriers, limitations of instruments or techniques, then a surgical procedure may 
be necessary. An apicoectomy procedure is usually performed to resolve the lesion. This 
procedure involves raising a soft tissue flap, osteoectomy, root-end resection, class 1 
root-end preparation and a filling material is condensed into place (Torabinejad et al., 
1999). The purpose of placing root-end filling material during periradicular surgery is to 
create a hermetic seal that prevents the egress of root canal contents into the periradicular 
tissues (Tang et al., 2002). 
Many filling materials have been used for the apicoectomy procedure including 
amalgam, zinc-oxide eugenol-based cements such as super EBA and IRM, cavit, 
composite resins, and glass ionomer cements. The main disadvantages of these materials 
include microleakage, varying degrees of toxicity, and sensitivity to moisture (Tang et 
al., 2002). An ideal root-end filling material should adhere and adapt to the dentinal walls 
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of the root end preparation, prevent leakage of microorganisms and their by-products into 
the periradicular tissues, and be biocompatible. In addition, it should be insoluble in 
tissue fluids, dimensionally stable, and unsusceptible to the presence of moisture 
(Torabinejad et al., 1994). The ideal material should also promote healing of the 
surrounding tissues. No single material is known to have all these properties at this time. 
Researchers at Loma Linda Dental School have developed a material that has 
shown significant promise. This material is Mineral Trioxide Aggregate (MTA). MTA 
is mainly composed of Tricalcium silicate (3 CaO-SiO 2), Tricalcium aluminate (3 CaO-
AbO3), Dicalcium silicate (2 CaO-SiO 2), Bismuth oxide (BhO 3) and Calcium sulfate 
dehydrate or Gypsum (CaSO 4-2H2O). In addition, there are a few other mineral oxides 
which are responsible for its chemical and physical properties (Torabinejad et al., 1995). 
MT A is a powder composed of hydrophilic particles that set in the presence of moisture 
about 3-4 hours after it has been mixed with distilled water. X-ray analysis ofMTA 
shows specific phases throughout the material. 
In a series of in-vitro studies, investigators showed that MTA has significantly 
less dye leakage when compared with amalgam and super-EBA cement. Torabinejad 
suggests that MTA has a potential of being used as a root-end filling material because it 
provided a hermetic seal as was seen in the rhodamine dye study (Torabinejad et al., 
1994). Lee studied the repair of root perforations with MTA and found that MTA showed 
significantly less dye leakage than amalgam or IRM (Lee et al., 1993). In another study, 
Torabinejad found that blood contamination did not affect the sealing ability ofMTA and 
found that dye leakage was significantly less than amalgam, IRM, and super-EBA 
(Torabinejad et al., 1994). 
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In a bacterial leakage study, Torabinejad found that MTA had no leakage over the 
length of the experiment (90 days) and that IRM, amalgam, and Super-EBA started to 
leak at 15, 28, and 34 days respectively (Torabinejad et al., 1995). In addition, when 
marginal adaptation of MTA root-end fillings was compared with those of amalgam, 
Super-EBA, and IRM under a scanning electron microscope, there was no noticeable gap 
reported between MTA and its surrounding dentinal walls (Torabinejad et al., 1995). 
The cytotoxicity of amalgam, Super-EBA, IRM, and MTA was studied using the 
agar overlay method and the radiochromium release method. The researchers found that 
MT A was the second least toxic with the agar overlay method and the least toxic with the 
radiochromium release method (Torabinejad et al., 1995).This study suggested that MTA 
is a potential root-end filling material and warrants further in-vivo tests. 
Economides et al. studied the periradicular tissue response to MT A and found that 
under optimal tissue conditions (in the absence of pre-operative infection), apical 
resection and placement ofMTA created an inflammation-free environment from the first 
postoperative week. Only 1 out of 14 MT A samples showed moderate to severe 
inflammation while 3 out 8 IRM samples showed the same amount of inflammation. 
In a study done with healthy dogs, MTA root-end fillings were characterized by 
hard tissue formation, activated progressively from peripheral root walls along the MT A-
soft tissue interface. Possible mechanisms leading to the hard tissue formation over the 
MTA could be the fibrous connective tissue is calcified as the postsurgical time interval 
is increased. It could also be as a result of cells undergoing differentiation into hard tissue 
forming cells are migrating between MT A surface and fibrous connective tissue, 
activating mineralization from the periphery of the root walls to the center of the MT A 
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filling material. The researchers concluded that MTA is a biocompatible material when 
used as a root-end filling material stimulating repair of periradicular tissues (Economides 
et al., 2003). In contrast, when used in a clinical setting there was no statistical 
difference noted between MT A and IRM in the clinical effectiveness, when radiographs 
were evaluated at 1 week, 3 months and lyear post-op (Lindeboom et al., 2005). The 
authors of the study concluded that there is no difference in success rates between MT A 
and IRM when used as apical seals in single rooted teeth. 
Torabinejad conducted a study which compared amalgam and MTA. Root canals 
and root end surgeries were performed on dogs. The researchers found that surgeries 
which used MT A had cementum formation over the MTA surface and that amalgam did 
not have any cementum formation. From this study, they concluded that MTA has a 
superior seal and is biocompatible, and that amalgam was either not sealing or is not 
biocompatible. The results of this study also suggest that MT A may be capable of 
activation of cementoblasts to produce matrix for cementum formation. This may be due 
to its sealing ability, high pH and/or release of some substance (signaling elements) that 
activates the cementoblasts to lay down the matrix for cementogenesis (Torabinejad et 
al., 1995). 
Torabinejad did a histological assessment ofMTA as a root-end filling material in 
monkeys. The study found that there was no periradicular inflammation in 5 out of 6 root 
ends and that 5 out of 6 had a complete layer of cementum formation over the MTA. The 
results suggest that cementum formation may be due to sealing ability, biocompatibility 
and high pH. Also, amalgam should not be used because of micro leakage and because it 
does not allow regeneration of dentoalveolar structure (Torabinejad et al., 1997). 
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Hong Ming Tang studied the leakage of endotoxins. The data showed that MT A 
provided the most effective seal against endotoxin leakage, followed by Super-EBA, 
IRM, and amalgam. This study confirms the results of the in-vivo and in-vitro studies 
showing that MT A prevents bacterial leakag_e better than amalgam when used as a root-
end filling material (Tang et al., 2002). 
MTA has been reported to be biocompatible in many in-vitro and in-vivo studies 
(Saidon et al., 2003). Koh et al. examined the cytomorphology of osteoblasts and 
cytokine production in the presence of MTA. They reported that MT A offers a 
biologically active substrate for bone cells and stimulates interleukin production (Koh et 
al., 1998). Mitchell et al. reported that MTA is biocompatible and is suitable for clinical 
trials (Mitchell et al., 1999). Zhu et al. found that osteoblasts have a favorable response 
to MT A and composite resin as compared with IRM and amalgam. The osteoblasts 
attached and spread on the MT A and the composite resin by forming a mono layer in 
contrast to the amalgam where the osteoblasts attached but with a few cells spreading 
(Zhu et al., 2000). 
Torabinejad studied the antibacterial effects of some root-end filling materials and 
found that MTA had no antibacterial activity against any of the anaerobes. However, it 
did cause some effect on five of the facultative bacteria included in this investigation. 
The antibacterial effect against these organisms could be attributed to its high pH or 
release of some substance(s) into the growth medium (Torabinejad et al., 1995). Another 
study suggests that MTA has good antifungal effect on the tested C.albicans (Al- Nazhan 
et al., 2003). 
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Torabinejad has described the indications and procedures for various clinical 
applications of MT A. It has been used with good results for pulp capping, apical plugs in 
immature teeth, repair of root perforation due to both iatrogenic procedure and due to 
internal resorption, and as a root-end filling material (Torabinejad et al., 1999). 
In their study on dogs' teeth Torabinejad found formation of fibrous connective 
tissue, cementum, and low levels of inflammation in MT A samples whose coronal access 
had not been sealed which indicates excellent sealing ability and biocompatibility of this 
material (Torabinejad et al., 1995).The regeneration of new cementum over the MTA is a 
unique phenomenon that has not been reported to occur with other materials. The 
mechanism for the formation of cementum over MT A is unclear. Based on the results of 
the studies, it appears that MT A may be capable of activation of cementoblasts to 
produce a matrix for cementum formation. This may be caused by its sealing ability, its 
high pH, or the release of substances that activate cementoblasts to lay down a matrix for 
cementogenesis and supports the applications of MTA in clinical use. 
APPLICATIONS OF MTA 
The dental pulp communicates with the periodontium (which consists of the 
cementum, periodontal ligament, and the alveolar bone) through the apical foramen and 
lateral canals. Investigators have shown the absence of periradicular pathosis in germ free 
rats when the pulps were exposed to the oral cavity. Periradicular lesion only developed 
when these rats were exposed to bacteria (Kakehashi et al., 1965). Therefore to preserve 
the pulp and to prevent pathological changes in the periradicular tissues, any 
communication (be it iatrogenic or anatomical) between the diseased pulp, periodontium 
and the oral cavity must be sealed. The materials used to create this seal are in intimate 
contact with vital tissues so they must be biocompatible and should allow the 
regeneration of the involved tissues. 
Many materials have been used to seal the pathways of communication between 
the root canal system, periradicular tissues, and the oral cavity. Filling materials that have 
been used in the past include amalgam, zinc-eugenol-based cements such as Super-EBA 
(Harry J. Bosworth Co. Skokie, IL) and IRM (L. D. Caulk Co., Milford, DE), gutta-
percha, cavit, composite resin and glass ionomers. Most of these materials did not have 
all the desirable properties of MT A which include the ability to adhere to the dentinal 
walls of the preparation, prevent the leakage or the microleakage of the microorganism, 
be dimensionally stable, insoluble in tissue fluids, not affected by the presence of 
moisture, not affected by blood contamination, be radiopaque and most importantly be 
biocompatible. Studies show MTA to have a superior seal, and that MTA is less toxic or 
more biocompatible when compared to amalgam, IRM or Super-EBA. In addition, MTA 
was most often seen with direct bone apposition and had an inductive effect on 
cementoblasts (Torabinejad et al., 1999). 
The applications of MT A include any repair where the filling material will be in 
intimate contact with any periradicular tissues or the oral cavity. MT A repair material has 
been used as a retrograde filling in a periradicular surgical procedure and as a pulp 
capping material in mechanically exposed pulps. It is also used for repair of iatrogenic 
perforations, apexification, and as a barrier for internal bleaching and internal root 
resorption. 
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Retrograde filling 
When a periradicular lesion does not heal or the lesion develops after a 
conventional root canal therapy then retreatment is usually the next course of action. 
However, sometimes retreatment may not be feasible due the access into the canal or it is 
deemed that the apical anatomy is too complex to be instrumented and therefore a 
surgical procedure is usually the recommended treatment. The procedure involves laying 
a full thickness flap, osteotomy is done at the apical third to gain access to the root, 3 mm 
of the root is resected perpendicular to the long access of the tooth, a class 1 preparation 
is made and filling material is condensed into place (Gartner et al., 1992). The filling 
material would create a hermetic seal to prevent any leakage of toxins, if any present, into 
the periradicular tissues. 
A retrospective study reported that the apical seal is the single most important factor in 
achieving success in surgical endodontics (Harty et al., 1970). The ideal characteristics 
for the root end filling material are the same as the root canal filling material. Torabinejad 
has shown MT A to be ideal for this procedure and in fact suggested that amalgam should 
not be used as a retrograde filling material because amalgam is either not sealing or it is 
not biocompatible (Torabinejad et al., 1995). In addition the disadvantages of amalgam 
when used as a root end filling material include initial leakage, secondary corrosion, 
mercury and tin contamination, moisture sensitivity, need for an undercut in the cavity 
preparation, staining of surrounding tissue and scatter of amalgam particles (Gartner et 
al.,1992). Some disadvantages of another group of materials (zinc oxide-eugenol based 
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cements such as super-EBA and IRM) include sensitivity to moisture, irritation of 
surrounding tissues , and solubility in tissue fluids (Gartner et al., 1992). 
Pulp capping 
Pulp capping is indicated only in teeth with immature apices where the pulp is 
exposed and where pulp vitality should be maintained. The procedure is contraindicated 
in teeth with signs and symptoms of irreversible pulpitis. Cox et al., (1987) showed that 
healing of the pulp does not depend on the pulp-capping material but rather is related to 
the capacity of the material to prevent bacterial leakage. Torabinejad et al. showed that 
MTA stimulates dentin bridge formation adjacent to the dental pulp and indicates that 
this may due to MTA sealing ability, biocompatibility , alkalinity or possibly other 
properties that may be associated with MT A. 
Pulp capping involves a tooth that has an exposed pulp, with the hemorrhage 
under control (this can be rinsed with sterile saline solution). The MTA mixture is placed 
against the remaining pulp tissue and is gently patted down with a moist cotton pellet. 
MT A sets in the presence of moisture , so a wet cotton pellet is left in close contact with 
the MT A. For easy access the remaining cavity is filled with a temporary material. The 
tooth is accessed in 1 week, the cotton pellet is removed and the final restoration is 
placed. The vitality and the status of the pulp clinically and radiographically should be 
assessed every 3-6 months. 
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Perforation repair 
Although RCT is a very successful treatment modality there are cases that are 
complicated due to complex anatomy of the root or because the root is calcified and this 
can lead to iatrogenic communication (perforation) with the periodontium (Sinai , 1977). 
The variables that affect the prognosis of the perforation repair includes the location and 
size, the period of time between damage and repair, bacterial contamination, and the 
sealing capability and biocompatibility of the material used for the repair (Makkawy et 
al., 1998). The material used must be biocompatible to minimize adverse affects on 
periodontal tissues and alveolar bone because of direct contact. 
Lee et al. (1993) compared the sealing ability ofMTA with that of amalgam or 
IRM for repair of experimentally induced perforations in extracted teeth and the result 
showed that MT A had significantly less leakage than IRM or amalgam. The study also 
showed that MT A had the least tendency for overfill and IRM had the least underfill 
tendency. 
Ford et al. , (1995) examined the histological response of intentional perforation in 
the furcation of mandibular premolars of dogs repaired with MTA or amalgam. The study 
showed that 100% of the amalgam samples were associated with inflammation and only 
16.7% of the MTA samples were inflamed. The study results suggest MTA is suitable for 
perforation repairs. 
A study done on dogs' teeth looked at the histological response to MTA and super-EBA 
when used as a perforation repair material showed that MT A showed less inflammation 
than super-EBA and showed healing with new cementum formation in the perforation 
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(Yildirim et al., 2005). Another study suggests that sensitivity of toxicity depends on the 
endpoint and the cell-culture system and their study found MTA cement to be the least 
toxic. Souza et al. suggest that multiple assays and different cell types are useful for 
predicting cellular damage and undesirable properties of biomaterials (Souza et al., 
2006). 
Perforation repair is indicated after a perforation which can occur as an iatrogenic 
event during conventional root canal therapy, during post preparation or because of 
internal resorption. The protocol for perforation repair suggests that the repair be done 
immediately to prevent any bacterial contamination. The root canal is first completed in 
all the canals and is obturated apical to the perforation in the involved canal. MTA is 
packed into the site of the perforation. After packing the MT A, a wet cotton pellet is 
placed and the access is sealed with temporary filling material. At the second 
appointment the cotton pellet is removed and a permanent filling material is placed. The 
case needs to be followed at 3, 6, and 12 months. 
Apexification 
When the development of the root is not completed due to the necrosis of the pulp 
which may have been caused by caries or some trauma, the apex is usually not closed. 
The canal remains large, with thin and thus weak dentinal walls. A conventional root 
canal is sometimes not possible because of the open apex or the divergent apical structure 
which also makes the complete debridement and control of obturation material 
impossible. In order to allow condensation of the filling material and promote an apical 
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seal, it is important to create an artificial apical barrier or induce the formation of the 
apical foramen or apexification (Felippe et al., 2006). The material of choice for the 
induction of apexification is calcium hydroxide (Leonardo et al., 1993). However this 
dressing has many disadvantages such as variability of treatment time because this 
procedure required at least 2-3 appointments to complete and patient compliance was 
potentially an issue. 
Another study · that suggested the possibility of increased tooth fracture after 
calcium hydroxide is used for extended period of time (Andreason et al., 2002). 
Shabahang et al. suggest that MT A is a biocompatible material and promotes hard tissue 
formation allows its use as an apical barrier, as an alternative treatment. This treatment 
can be completed in one appointment. 
The fact that calcium and silicon have been shown to enhance both bone 
formation and mineralization suggests that they may play some role in the healing of 
bone if they are leaching from the MT A when this material is use in contact with the 
periradicular tissues or bone tissue. Bone formation and mineralization can be measured 
by specific markers of bone formation during the stages of osteogenesis. Many studies 
have shown that calcium and silicon have positive affects on the osteogenesis and these 
studies use these markers of bone formation as a measure of the osteogenic effect. 
BONE TISSUE 
Bone is a specialized mineralized connective tissue. It is composed of 33% 
organic matrix which includes 28% percent type 1 collagen. The remaining 
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5% consists of non-collagenous proteins that include osteonectin, osteocalcin, bone 
morphogenetic proteins (BMP), bone proteoglycan and bone sialoprotein. 
The remaining 67% is hydroxyapatite (Ca 10 [P04]6[0H] 2). In addition to skeletal 
functions of support and protection, bone also provides an important reservoir of 
minerals. Systemically, it is controlled by hormonal factors and locally by mechanical 
forces. 
All bone tissues are composed of dense outer sheet of compact bone and central 
medullary cavity. In living bone the cavity is filled with either red or yellow bone marrow 
which is interrupted throughout by a reticular network of trebecular bone. These 
trebeculae act as reinforcement to support the outer, thicker cortical compact bone. 
Compact and trebecular bone is histologically composed of microscopic layers of 
lamellae. Three layers include circumferential, concentric and interstitial lamellae. The 
outer perimeter of the adult bone is composed of the circumferential lamellae. The bulk 
of the compact bone is composed of the concentric lamellae, which is the metabolic unit 
of compact bone, the osteon. The osteon is a cylinder of bone that is oriented in the long 
axis of the bone. In the center of each osteon is the Haversian canal which lined by a 
single layer of bone cells that cover the bone surface and contains a capillary. The 
adjacent haversian canals are interconnected by Volkmann's canals which like the 
Haversian canal contain blood vessels thus creating a rich vascular network throughout 
the compact bone. Interspersed between the adjacent concentric lamellae and filling the 
spaces between them are the interstitial lamellae (Ten Cate, 1989). 
The perimeter of the compact bone is an osteogenic connective tissue membrane, 
the periosteum which is composed of two layers. The inner layer next to the bone is 
17 
composed of bone cells, their precursors, and a rich microvascular supply. The outer 
layer is fibrous. Sharpey's fibers from the fibrous layer extend to and penetrate the 
cellular layer of the periosteum extending into the circumferential lamellae. 
BONE CELLS 
There are three specialized cells that are responsible for the formation, resorption, 
and maintenance of bone tissue. These cells include the osteoblast, which forms bone, the 
osteoclast which resorbs bone, and the osteocyte which along with osteoblasts maintain 
bone. 
In order to maintain the structural integrity of bone, large numbers of cells have to 
be continuously recruited. The origin of osteoblast is from mesenchymal source, whereas 
the origin of the osteoclast is from hemopoietic tissue. Both need the existence of a 
pleuripotent stem cell. These cells occupy a very small portion of the total volume but 
they perform critical roles in the generation and regulation of mineralized matrix. The 
composition of extracellular matrix is mostly collagen and an inorganic mineral phase 
such as hydroxyl apatite. Type 1 collagen is primarily found in bone occupying about 
90% of the total organic matrix (Buckwater et al., 1996) 
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OSTEOBLASTS 
Osteoblasts differentiate from pluripotential stem cells in the bone marrow which 
can also differentiate into chondroblasts, fibroblasts and adipocytes. From the stem cells 
there is a formation of the osteoprogenitor cell. This cell is able to under go asymmetric 
division to yield differentiated or predifferentiated cells. These cells are the reserve cells 
which can be stimulated to yield osteoblasts. They have the ability to divide, proliferate 
and provide nutritional support for the osteocytes in the bone matrix. 
The osteoprogenitor cell forms the preosteoblast cell which is a transitional state 
of 2 to 3 days during which proliferative activity and increase of osteoblastic phenotype 
is expressed (Avioli and Krane,1990) T. Preosteoblasts are capable of mitotic division 
they posses intracellular alkaline phosphatase receptors for 1, 25-dihydroxyvitamin D3 
and parathyroid hormone. 
The signal for the stem cells to differentiate into osteoblasts is carried by local 
growth factors such as transforming growth factor, (TGF-~) and bone morphogenetic 
protein (BMP) (McCarthy and Frassica , 1998). 
The osteoblasts are differentiated uninucleated cells which are responsible for 
synthesizing collagenous and noncollagenous bone proteins. Osteoblasts have the 
features of protein synthesizing secretory cells which include the abundant rough 
endoplasminc reticulum, Golgi membranes and mitochondria. In addition the osteoblasts 
are responsible for mineralization of the organic matrix ( osteiod). The osteoblast cell is 
cuboidal in shape and secretes both the collagen and extracellular matrix on one side of 
the cell layer only. Osteoblasts form a continuous layer over the osteiod that they 
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secrete. As active osteoblasts, these cells have a round, oval, polyhedral form and is 
separated from the mineralized matrix by the osteiod layer. 
OSTEOCYTES 
As osteoblasts secrete bone matrix some of them become entrapped and 
embedded in the mineralized matrix and become osteocytes. The number of osteocytes 
depend on the rapidity of bone formation, that is more rapid the bone formation, the more 
osteocytes are present per unit volume. Embryonic or woven bone will generally have 
more osteocytes than the lamellar bone. 
Osteocytes gradually lose most of their matrix synthesizing machinery and 
become reduced in size. Osteocytes are round cells with an oval nucleus and scanty 
cytoplasm and they reside in lacunae which are approximately 15µm in diameter. They 
have long cytoplasmic processes that radiate from the cell body through the canaliculi in 
the mineralized bone matrix and connect with processes of other osteocytes through gap 
junctions and with the processes of the lining cells (Sodek and Berkman, 1987). 
Osteocytes and lining cells form a vast network of cell to cell connection known as the 
osteocytic membrane system. The functions of the osteocytic membrane system include 
the regulation of the calcium flow in and out of the mineralized matrix and this process is 
known as the osteolytic osteolysis and this process is sensitive to the parathyroid 
hormone (PTH). Another function of the Osteocytic membrane is the transmission of the 
electrical signals in bone. The daily use of the bone leads to stress and strain which 
causes deformation and leads to small electrical activity. The electrical activity is 
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important in maintaining balanced bone remodeling and increased remodeling in areas 
subjected to maximum stress and strain (McCarthy and Frassica, 1998). 
BONE EXTRACELLULAR MATRIX 
The extracellular matrix (ECM) is the main element of bone and is synthesized 
by osteoblasts. The ECM is composed of 90% collagen. It is mostly type 1 collagen and 
also small amount of type 5 and 12. The remaining 10% is a mixture of non-collagenous 
proteins and bone specific proteoglycans. The collagenous portion of the matrix is 
composed of three polypeptide chains, called alpha chains, which are arranged in a triple 
helix. The collagenous portion serves as a source of strength for the tissues. The non-
collagenous glycoproteins are important for cell adhesions or tissue cohesiveness. 
In addition to cells interacting with their own extracellular matrix products they 
interact with extracellular products of other cells. At the cell surface, matrix receptors 
link the extracellular matrix to the cell interior. The metabolism and fate of cell, its shape 
and many of its other properties are continually related to and depend on the composition 
and organization of the matrix (Hay, 1991). 
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OSTEOBLASTDEVELOPMENT 
The osteoblast development process has been divided into four stages (Stein et al., 
1993). In the first stage, which is the preconcfluence proliferation stage, the synthesis of 
type I collagen is activated and the cell population of osteoblasts is enlarged. The genes 
linked with the formation of ECM are actively expressed and gradually down regulated. 
In the second stage, the post confluence stage, the genes associated with 
maturation and organization of bone extracellular matrix (ECM) are actively expressed. 
This results in a 10 fold increase in the activities of proteins related to osteogenic 
phenotype. For example, alkaline phosphatase and their mRNA. In anticipation of the 
mineralization stage the ECM undergoes a series of modifications in content and 
alignment during this immediate postproliferative period. 
In third stage, the gene expression directs the sequential deposition of 
hydroxyapatite. Osteopontin and osteocalcin are maximally expressed at this stage. The 
cells progress into the mineralization stage and concentration of alkaline phosphatase 
increase. In heavily mineralized cultures, cellular levels of alkaline phosphatase and its 
mRNA become smaller and the collagens gene is unregulated to a maximal level. When 
the cells begin to mineralize other bone related proteins such as bone sialoprotein, 
osteocalcin and osteopontin are upregulated and the amounts of these proteins are 
responding to the accumulation of the minerals (Owen et al., 1990). 
During the period of active proliferation, osteopontin is expressed at 25% of 
maximal levels and is down regulated after proliferation but its peak will be reached 
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during mineralization. In contrast to osteopontin, osteocalcin is expressed only post-
proliferatively with the onset of nodule formation (Lian et al., 1978). 
In the last stage, also known as the developmental stage, there is increased 
collagenase, elevated type 1 collagen gene expression, apoptic activity and compensatory 
proliferation activity. The shrinkage of the cell, membrane blebbing, chromatin 
condensation and nuclear fragmentation all occur in this stage (Stein et al., 1996). 
Osteoblasts take in amino acids, glucose and sulfate to manufacture collagen, 
mucopolysaccharides and glycoproteins which are secreted into the organic part of the 
bone matrix. The osteoblasts active engagement in the manufacturing and secretion of 
components of bone matrix is confirmed by the location, morphology and histochemistry 
of these cells. Type 1 collagen accounts for 95% of the organic material in bone matrix 
and 65 % of the total protein synthesis in bone forming cells (Avioli and Krane, 1990). In 
addition to the collagen the osteoblasts synthesize noncollagenous macromolecules such 
as osteocalcin. This amounts to 1 % to 2% of the bone protein in all vertebrates. The 
function of this protein is not known and a significant amount of this protein is released 
in to circulation. Osteocalcin is also called bone gamma-carboxyglutamic acid 
containing protein (BGP). 
A phosphoprotein named ostenectin that binds strongly to hydroxyapatite as well 
as collagen is also synthesized in abundance by osteoblasts. The function of osteonectin 
is not known but in bovine osteogenesis imperfecta, the amount of osteonectin was 
reduced significantly. Osteonectin is also present in platelets (Avioli and Krane, 1990). 
Osteoblasts also synthesize osteopontin or bone sialoprotein, phosphoprotein, 
small proteoglycans, bone morphogenetic protein and bone derived growth factors. 
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Another important characteristic of osteoblasts is high alkaline phosphatase activity 
(ALP). ALP is the most important enzyme associated with osteoblastic differentiation. 
For this reason, this enzyme has been recognized as an osteoblastic marker and its level 
also elevated in calcifying cartilage and dentin. The action of ALP is to cleave the 
organophosphate bonds but has limited specificity and participates in mineralization 
process. To summarize ALP and osteocalcin levels can be selected as specific markers 
for osteogenic activity of osteoblasts (Sodek and Berkman, 1987). 
OSTEOCLASTS 
Osteoclast cells resorb bone by enzymatic degradation of the mineral contents. 
The resorption of bone is a multi-stage process which starts with the adhesion of the 
osteoclast to bone surface, then polarization of the cell and formation of an extracellular 
subosteoclastic microenvironment for bone digestion (Roodman , 1999). The endosomes 
containing membrane bound proton pumps in the ruffled border transport protons to the 
sealed microenvironment. This lowers the pH from 7 to about 4 and this low pH dissolves 
the bone minerals (Baron et al., 1985). This exposes the matrix and the collagen is 
degraded by proteases which include MMPs and cysteine proteases (Everts et al., 1992). 
The osteoclasts are multinucleated giant cells which are 10-20 µmin diameter. 
They are much larger cells compared to all other bone cells and they contain a large 
numbers of lysosomes and mitochondrion. The size of the osteoclasts makes them easily 
identifiable under a light microscope. Typically osteoclasts are found against the bone 
surface, occupying shallow, hollowed out depressions called Howship's lacunae or in 
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deep resorption cavities called cutting cones. Although rarely seen in routine histological 
preparations, osteoclast numbers increase in diseases characterized by increases bone 
turnover. 
The precursors to osteoclasts originate from bone marrow stem cell however 
osteoclasts are the end products of a completely different cell lineage. Osteoclasts are 
derived from precursors that also differentiate into monocytes, macrophages, and other 
peripheral blood leukocytes. The fusion of mononuclear osteoclast precursors yields the 
mature multinucleated osteoclasts. Patients with high levels of parathyroid hormone have 
increased numbers of osteoclasts but the osteoclasts themselves or their committed 
precursors do not have the receptors for this hormone. Osteoblasts do have the 
parathyroid hormone receptors and they relay a signal to the osteoclast precursor. 
Interleukins, prostaglandins, and vitamin D also stimulate osteoclast formation 
but all these compounds require the osteoblasts participation. Calcitonin receptors are 
found on the osteoclasts and calcitonin causes the osteoclasts to retract from the bone 
surface even though the effect is short lived (McCarthy and Frassica, 1998). 
MINERALIZATION 
When the osteoblasts deposit a layer of osteiod about 10 µm thick the 
mineralization process begins in about 20 days. The nature of the mechanism is not 
known. During the mineralization lag time, changes in osteoid take place that cause the 
ionic calcium and phosphate in the extracellular fluid to precipitate. 
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Two mechanisms of mineralization have been proposed include 1) matrix vesicles 
initiate mineralization and 2) protein unique to the osteiod cause mineral to precipitate. 
Alkaline phosphatase plays a crucial role in both of the proposed mechanisms. The fact 
that a high concentration of calcium and phosphorus is present in the extracellular fluid 
would suggest that crystal formation could happen anywhere in the body. This 
mineralization does not occur because of the various inhibitors including pyrophosphate 
being present. In bone the pyrophosphate is hydrolyzed by the alkaline phosphatase 
which allows the calcium and phosphate ions to precipitate in the osteiod. The 
mineralization process is dynamic and it takes about a year to for new bone to mineralize 
completely. 
Initial apatite crystals contain different calcium compounds such as amorphous 
calcium salts and calcium brushite (Ca H P0 4H20) but with some time most of the 
calcium is incorporated in to the crystalline calcium hydroxyapatite (Ca10[P0 4]6[0Hh) 
which makes up most of the mineral content of bone. The amorphous calcium that 
remains is a likely source of calcium exchange in the extracellular fluid. There are other 
compounds such as magnesium, sodium, potassium, and carbonate ions absorbed by the 
apatite crystals. Chelating of tetracycline property of the crystal has been used to measure 
amount of bone mineralization using fluorescent microscopy. 
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MARKERS OF BONE FORMATION 
Stromal Osteoprogenitor cells are the primary cells that maintain the osteoblasts 
and bone mass (Baron, 1993). Osteoblast differentiation is identified by proteins secreted 
by these and other cells associated with the bone extracellular matrix during bone 
formation. Active osteoblasts are characterized with the production of Type 1 collagen, 
Osteocalcin, Osteopontin, Alkaline phosphatase (ALP) and bone Sialoprotein. 
Osteoblast differentiation is marked by increased Typel collagen synthesis, ALP activity, 
and an elevated level of osteocalcin with the presence of 1, 25 dihydroxyvitamin D3. 
Increased concentrations of silicon and calcium have been shown to increase ALP and 
osteocalcin activity in a number of different studies. 
TYPE 1 COLLAGEN 
There is upregulation of Type 1 collagen and osteocalcin during initiation of 
matrix mineralization during bone formation. Type 1 collagen is the most abundant 
protein of the organic matrix of bone. Type 1 collagen is the structural framework of 
mineralized matrix and its abundance and synthesis by osteoblasts is the first marker of 
bone formation (Thomson et al., 1989). 
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OSTEOCALCIN 
Osteocalcin is a single chain non-collagenous protein which is secreted into the 
extracellular matrix by osteoblasts. Osteocalcin is also known as a bone gamma-
carboxyglutamic .acid protein (BGP) because of vitamin K-dependent , post translational 
carboxylation of glutamic acid residues. During mineralization, vitamin D leads to an 
increase in the secretion of osteocalcin. (McCarthy and Frassica , 1998). PTH inhibits the 
secretion of osteocalcin in human primary bone culture (Beresford et al., 1986). 
Bone turnover has been linked to the amount to osteocalcin in the serum. Up to 
25% of the osteocalcin is released into the circulation and is not deposited in the bone 
matrix (Avioli and Krane, 1990). The expression rate of osteocalcin in the osteoblast 
development suggests that osteocalcin is a marker of mature osteoblasts. This supports 
the fact that osteocalcin binds with minerals during bone formation (Lyu, 1998). Several 
assays have been used to measure osteocalcin. Some measure the amount of osteocalcin 
synthesized by the bone cells and others will measure the degraded osteocalcin in the 
serum. Histomorphometric analysis has shown that the amount of circulating osteocalcin 
is positively correlated with bone turnover and thus bone formation. Studies have shown 
a slight positive correlation between circulating osteocalcin and parameters of bone 
resorption by the measurement of degraded osteocalcin. Therefore in diseases with high 
bone turnover, such as high turnover osteoporosis or renal osteodystrophy the levels of 
osteocalcin are increased. 
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ALKALINE PHOSPHATASE 
Alkaline phosphatase (ALP) is an important enzyme in differentiation of 
osteoblasts and has long been recognized as an osteoblast marker with high levels of ALP 
seen in calcifying tissue like cartilage and dentin. A common type of ALP is a cell 
membrane-associated form expressed by the liver, bone and placenta from a single gene 
(Eyre, 1997). ALP has limited specificity, cleaves organophosphate bonds and 
presumably participates in the process of mineralization (A violi and Krane, 1990). 
The main function of ALP in bone seems to be in the generation of phosphate 
ions and in the transport of substances from an intracellular compartment across the 
membrane into the extracellular region. Although the exact mechanism is not quite 
understood, during mineralization, ALP increases the local concentration of inorganic 
phosphate by transporting local phosphorus (Bellows, 1999). ALP may also be involved 
in the breakdown of pyrophosphates which are an inhibitor of calcium phosphate 
deposition at the extracellular level. 
Studies have shown stimulation of ALP expression by 1, 25 dihydroxyvitamin D3 
(Dietrich et al., 1976). This would explain the role of osteoblasts in the physiologic 
regulation of the balance between bone formation and resorption (Sodek and Beckman, 
1987). Some studies have shown that ALP is expressed in the differentiation stage of 
osteoblasts cells before the expression of osteocalcin (Kurihara et al., 1986; Mulkins et 
al., 1983) 
Osteoblasts role in mediating osteoclast differentiation is linked to the role of 
osteotrophic hormones and cytokines regulating the development of preosteoclasts. The 
29 
key regulators of bone turnover include the cytokines PTH, 1, 25-dihydroxyvitamin D3 
[1, 25(OH) 2D3] and estrogen and the receptors for these cytokines are found on both the 
osteoblasts and osteoclasts. The major source of potent stimulators of bone resorption 
such as colony stimulating factors (CSFs) and interlukin-6 (IL-6) are the stromal 
osteobalstic cells. Recently an osteoclast differentiating factor produced by the 
osteoblasts was identified as a ligand that binds an inhibitor of osteoclastogenesis. This is 
called osteoprotegrin (OPG). The osteoblast ligand is identical to the known RANK 
(receptor activation of NF-KB) and TRANCE (TNF-related activation induced cytokine) 
ligand. Expression of the OPG/RANK/TRANCE ligand in osteoblasts is upregulated by 
1, 25 (OH) 2D3, IL-1, and prostaglandin E2 (PGE2), stimulators of bone resorption 
(Aubin, 1999). 
ROLE OF SILICON 
A number of studies in the early 1970s have established silicon as an essential 
element (Carlisle, 1970). It has been shown that silicon is an essential metabolite of 
eukaryotic cells and organisms and is essential to be in the diet (Carlisle, 1975). Early in-
vitro studies on young bone suggested a physiological role for silicon in the bone 
calcification processes. These were followed with in-vivo studies showing the effects of 
silicon on the rate of bone mineralization. In early calcification when calcium content of 
the osteoid tissue is very low, a direct relationship exists between silicon and calcium. It 
was thought that calcium binding was the most important and first event in calcification 
and that silicon may be associated with calcium in the process. Carlisle's study with rats 
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showed this relationship with silicon and calcium in bone formation (Carlisle, 1986). The 
study showed that dietary silicon increases the rate of mineralization. This effect was 
particularly apparent under conditions of low calcium. 
Studies have also shown that silicon and calcium, in a quantitative relationship, 
are concentrated in the cytoplasm of the osteoblast in the mitochondria before any 
evidence of extracellular ossification. All of this evidence further supports that silicon 
plays a role in the initiation and calcification processes in bone. Carlisle also showed that 
silicon has a significant effect on the bone matrix independent of Vitamin D (Carlisle, 
1981 ). 
In 1992, Keeting et al., found that Zeolite (ZA), a silicon-containing compound, 
increased Human Osteoblast cell mitotic activity by 3 times in a dose dependent manner. 
This study also showed that the alkaline phosphatase activity increased in a direct 
relationship with the concentration of ZA in µg/ml. Keeting concluded that the ZA 
induces the proliferation and differentiation of cells of the osteoblast lineage. The study 
found that ZA induces gene expression and in these cells the release of latent B (TGF-~). 
Silicon plays an essential role in the formation of cross links between collagen 
and proteoglycans during bone growth. Hott et al., (1993) showed that treatment with 
organic silicon silanol partially prevented the trebecular bone loss in mature 
ovariectomized rats by reducing bone resorption. This may have been attributed to 
stimulatory effects on bone formation and /or stabilizing the organic bone matrix. 
Chou et al., (1998), in their in-vivo study with rabbits found that a greater amount 
of silicon released from bioglass material led to a higher expression of Osteocalcin when 
compared with other materials such as Perioglass and Hydroxyapatite (HA). Perioglass 
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has lower silicon content. The study concluded that the higher release of silicon may be 
responsible for stimulating osteogenic cells at the Biomaterial-Tissue interface. This 
results increased interamembranous bone formation and temporal endochondrol bone 
formation which can be replaced by dense compact bone within eight weeks. The EDS 
analysis in this study indicated that Bioglass quickly released a high level of Silicon 
which then distributed to the areas of surrounding tissues. This was followed by an 
increased concentration of Ca and P indicating early bone formation. The solubility of 
bioglass may be an additional advantage to this temporal osteogenic event (Chou et al., 
1998). 
ROLE OF CALCIUM 
Most of the mineral in bone is crystalline calcium hydroxyapatite (Ca10 
[P04]6(0H] 2). The initial apatite crystal is composed of amorphous calcium salts and 
calcium brushite (Ca H P04 H20) but with time it is incorporated into the apatite crystals 
and any remaining calcium is the source of calcium exchange in the ECF. 
Calcium when present in higher than physiological concentrations has been 
shown to modify cell functions in macrophage like mononuclear cells, osteoclasts, 
osteoblasts and bone matrix gene expression. Studies have shown that calcium stimulates 
DNA replication in fibroblast culture (Dulbecco and Elkington, 1975). In 1991, Kanatani 
et al.'s study with mouse calavaria cells reported that 5 mM of calcium concentrations 
induced 3 times the proliferation rates. Increased upregulation of ALP activity was noted 
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with calcium concentration of up to 5 mM. However any higher concentration led to 
lower activity of ALP (Sugimoto et al., 1983). 
Another study found that an extracellular Ca2+ ion concentration that is higher 
than physiological concentration may stimulate macrophages to induce osteogenic 
cytokine such as BMP-2 and thus induce bone formation (Honda et al., 2006). It has 
been widely'accepted that BMP-2 and TGF-Pl act as factors to enhance bone formation. 
BMP-2 is especially known to be capable of promoting the differentiation of 
messenchymal stem cells to osteoblasts and chemotaxis. 
Honda et al. (2006) used Octacalciumphosphate (OCP) implants in mouse calvaria. In 
their study, OCP's solubility releases the extracellular [Ca2+] ion and thus elevates 
calcium ion concentration. The results of the study strongly suggest that the macrophages 
persistently exposed to higher [Ca2+] results in secretion of BMP-2. This may stimulate 
osteoblastic differentiation of mesenchymal cells. The mechanism for this process is 
unclear but it has been suggested that calcium sensing receptor (CaSR) plays a crucial 
role in macrophage function. 
It has been shown that the exposure of osteoclasts to increased extracellular [Ca2+] 
elicits a rapid rise of free cytosolic calcium which leads to a marked reduction of bone 
resorptive activity and enzyme release. 
Matsuoka et al. 's (1999) study results indicate that high [Ca2+] promotes 
osteogenic differentiation in ROSl 7/2.8 cells. More specifically, they found that high 
concentration of [Ca2+] increased the gene expression of TGF-P 1 in ROS 17 /2.8 cells in a 
dose and time dependent manner. TGF-Pl is a potent chemotactic factor that recruits 
osteoblast precursors to bone forming sites and promotes osteogenesis. Thus the 
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increased extracellular [Ca2+] concentration may modulate activities of osteogenic cells 
and promote osteogenesis via the action of TGF-~l. High calcium increased ALP activity 
in osteoblastic ROSI 7/2.8 cells in dose dependent manner and upregulated the expression 
of ALP, OC and TGF-~1 mRNAs. 
A study done with highly purified rabbit osteoclasts showed that calcium directly 
promotes apoptosis of theses cells in a dose dependent manner which correlates with the 
dose range of calcium for the inhibition of bone resorption (Lorget et al., 2000). More 
specifically at 1.8 mM and 20 mM concentration of calcium lead to 80% and 20 % of the 
cells displaying the typical features of apoptosis respectively. The results support the 
concept that the presence of high calcium concentration generated during bone resorption 
leads to negative feedback which may be partly due to the apoptosis of osteoclasts 
(Lorget et al., 2000). The calcium concentration may play a role in the healing of 
radiolucencies during the intermittent appointments. 
Previous solubility studies of MT A in water have concentrated on the calcium ion 
to explain the effects of MT A on hard tissue formation when it is used in endodontic 
surgical procedures (Fridland et al., 2004). They suggest that the calcium is in its 
hydroxy lated state which increases pH. In addition to the seal produced with MT A, and 
the increase in pH after exposure to MT A, calcium and silicon may play a significant role 
in enhancing bone mineralization as seen with the use of MT A. By modifying MT A to 
release more silicon and/or calcium into culture medium it may be possible to optimize 
an ideal biomaterial to speed up bone healing after surgical procedures in Endodontics. 
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OBJECTIVES OF THE STUDY 
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OBJECTIVES OF THE STUDY 
The objectives of this study were to: 
1) Determine the dissolution of calcium and silicon ions from MT A into culture 
medium by measuring: 
1. the change in weight of the specimen after incubation 
11. the effect of MT A on the pH of the culture medium 
111. the dissolution of calcium and silicon into culture medium using 
Inductively Coupled Plasma 
2) Determine if this dissolution could be enhanced by adding; 
i. 6% Silicon and 4.5% Calcium to MTA to yield modified MT Al (mMTAl) 
ii. 30% Silicon to MTA to yield modified MTA2 (mMTA2) 
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EQUIPMENT 
ITEM MANUFACTURER MODEL AREA DESCRIPTION 
NUMBER 
Scanning Philips Electronics XL-20 Eidhoven, NL Scanning 
Electron Electron 
Microscope Microscope 
X-Ray Oxford Instruments High X-Ray Analysis 
Analysis Wycombe, 
INCA System England 
Non-Vacuum Vulcan 3-550 Degussa, Non-Vacuum 
Oven Dusseldorf Oven 
Non-Vacuum BamStead 59300 Dubuque, IA Non-Vacuum 
Oven Thermolyne Oven 
Gram-ATIC Mettler Company 1-90 Switzerland Balance 
Balance 
Mettler PM Mettler Company PM480 Switzerland Balance 
480 
Nylon 0.02 & Fisher Scientific Pittsburgh, PA Filter, Sterilizer 
0.45mm Filter 
Precision Precision Scientific 5EM Winchester Incubator 
Economy VA 
Incubator 
Water- F orma Scientific 3158 Marjetta, OH Incubator 
Jacketed Inc. 
Incubator 
DAS Leitz DMIL 090-131.002 Wetzlar, Microscope 
Mikroskop Germany 
Gyrotory New Brunswick G2 Edison, NJ Shaker 
Shaker Scientific Co. Inc. 
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MATERIALS 
MATERIAL MANUFACTURER CATALOG AREA FORMULA 
NUMBER 
Dulbecco's Gibco BRL Life 11965-084 Carlsbad, CA NIA 
Modified Eagle Technology 
Medium 
Ethyl Alcohol Aaper Alcohol & 98L09QA Shelbyville, NIA 
USP Absolute- Chemical Company KY 
200 Proof 
F-12 Nutrient Gibco BRL Life 11765-047 Carlsbad, CA NIA 
Mixture Technology 
(HAM) 
Fetal Bovine Gibco BRL Life 16000-069 Carlsbad, CA NIA 
Serum Technology 
Fungizone Gibco BRL Life 1529-018 Carlsbad, CA NIA 
Technology 
Penicillin- Gibco BRL Life 15140-122 Carlsbad, CA NIA 
Streptomycin Technology 
Mineral Dentsply 03081235 Tulsa, OK NIA 
Trioxide 
Aggregate 
Silicon Dioxide US Silicon Fair Lawn, NJ SiO2 
BIE Dr. Chou 
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OVERVIEW 
The basic method for this experiment was preparation of samples of MTA and 
two modified versions of the MT A into discs. These discs were cut into two halves and 
used as two samples. These samples were placed into the wells of a twenty four well 
plate to which culture medium was added. The culture medium was changed, collected, 
and pH readings were taken every 3-4 days. The experiments were done for 15, 30, 60, 
and 90 day intervals. The mass change, pH reading, chemical composition changes on the 
surface of the discs, and chemical analysis was done to determine the concentration of 
silicon and calcium ions that dissolve into the culture medium at these time intervals. 
PREPARATION OF DISCS 
The mineral trioxide aggregate (MTA) was prepared per manufacturer's 
directions as it would be for clinical use. One gram ofMTA powder was mixed with .33g 
of distilled water. The amount of water was adjusted slightly to get the consistency that 
was best condensable. The MTA mix was condensed into a Teflon mold. The size of each 
of the discs was 1.56 cm in diameter by 2.00 mm thick. The Teflon mold was placed in a 
beaker that contained water which was kept below the level of the condensed materials. 
The beaker was sealed to prevent moisture loss and to provide 100% humidity because 
MT A sets in a moist environment. The beaker was placed in a 3 7 degrees celsius 
incubator for a period of 24 hours. Two modified versions of MT A were prepared by 
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adding 6% Silicon and 4.5% Calcium by weight to MTA and 30% Silicon by weight to 
MTA. The mixtures were placed into separate plastic bottles which were placed on a 
mixer for 24 hours to get a homogeneous blend of MTA and the respective additives. 
Discs of the modified versions of MT A were prepared as described above. The amount of 
distilled water added was 0.44 g of per g ofmMTAland 0.38 g per g ofmMTA2. This 
was done to achieve a similar consistency, qualitatively, as was used with the MT A alone 
and that was condensable into the mold. 
After 24 hours the discs were removed from the mold. The discs were scribed 
down the center and were cut into two halves using a saw to create two samples. The 
discs were dried in an oven at 150°C until a constant weight was reached. This required a 
minimum of 36 hours of drying time in the oven and sometimes longer. This weight was 
recorded as the weight at time zero. 
STERILIZATION OF THE DISCS 
Once a constant weight was reached the discs were sterilized in an oven at 150°C 
for a period of 1 hour. Prior to placing the discs in the oven, they were wrapped in 
aluminum foil to prevent any contamination when the discs were transported to the 
culture hood. The discs were only taken out of the aluminum wrapping in the hood. The 
disc halves were then placed under UV light for 1 hour to ensure that no contamination 
was introduced. 
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EXPERIMENTAL SETUP 
Seven samples of each version of MT A, mMT A 1, and mMT A2 were placed in 
the wells of 24 well plates to which 1.5 ml of culture medium per well was added using 
an electronic pipette. The samples were placed in the wells vertically to maximize the 
surface area of the half discs that was exposed to the culture medium. The composition of 
culture medium used was as follows: 40% Dulbecco's Modified Eagle Medium 
(DMEM), 40% F-12 Nutrient mixer (HAM) with L-Glutamine, 10% Fetal Bovine Serum, 
Penicillin- Streptomycin 200u/ml and Fungizone. The culture medium was prepared and 
then stored in the incubator at 37 degrees and 5% CO2 and 100% humidity until ready to 
use. Seven samples of culture medium alone were used as negative controls. The 24 well 
plates were covered with the lid and were placed in the incubator at 3 7 degrees celsius 
and 5% carbon dioxide (CO2) and 100% humidity. The culture medium was changed 
every 3-4 days inside the hood, and pH readings were taken. The culture medium was 
collected for each time interval in a larger test tube and placed in the freezer for chemical 
analysis later. The well plates were observed under the microscope to check for bacteria 
and/ or fungal growth at the 3-4 day interval. The experiment was run for 15 days, 3 0 
days, 60 days and 90 days for MTA, mMTAl, MTA2 and controls. 
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WASHING OF THE DISCS 
At the end of each time interval the discs were removed and washed using a strict 
protocol. The discs were individually placed into beakers with 80ml of de-ionized water 
and placed on an agitator for 1 hour in an attempt to remove any contaminants such as 
gross protein residue that may have adsorbed onto the disc from the culture medium. The 
discs were then weighed and placed into an oven at 97°C for 1 hour and then at 150°C for 
36 hours and until constant weights were reached. The weight difference between the 
initial and this final weight represents the amount that dissolved. The fact that an increase 
in the weight was found made it necessary to try to burn the protein residue off at higher 
temperature. The discs were placed in the oven at 600°C for 2 hours. The discs were then 
removed and after allowing time for the discs to cool to room temperature the weight was 
measured again. In addition control discs were prepared which were handled in the exact 
manner in terms of drying and washing. The only difference between the control and the 
experimental group was that the control discs were not incubated in the culture medium. 
The % weight difference between experimental and control represented the 
solubility of the experimental samples. 
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MEASURING OF pH 
The pH was measured every time the culture medium was changed for each 
biomaterial and at all the time intervals. The pH was measured using the glass electrode 
pH meter. For each sample 3 pH readings were taken and the average was used as the 
value pH. The culture medium was placed in a test tube into which the pH electrode was 
placed to take the pH reading. 
CALCIUM AND SILICON ANALYSIS 
The chemical analysis for the Si and Ca concentration was done by an outside 
facility at the University of Toronto by Shakour Ghafouri, PhD. using ICP. Calcium and 
Silicon concentrations were determined using inductively coupled plasma. Details on the 
determination of contents of Silicon and Calcium that dissolved into the culture medium 
are detailed below. 
Sample preparation: 
1. Samples 1-48 and four blanks were acidified with appropriate volumes of 6.0 M 
HN0 3 solution to yield a final acid content of 0.12M. The color of the culture 
medium changed from pink to yellow and most of the solutions produced a small 
amount of precipitate. 
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2. Acidified solutions were filtered through Whatman 0.45 µm PTFE or Polyamide 
syringe filters. 
3. 1.0 ml from each filtered solution was diluted by 9.0 ml of 0.12 M HNO3 to make 
a 1/1 OX solution suitable for ICP analysis. 
4. Commercial standards which contained 4.5 µg/ml Si and 10 µg/ml Ca were used 
to generate calcium and silicon calibration curves. 
5. The calibration curves were generated using the lX standard solution which was 
diluted with Millipore de-ionized water to solutions of 1/2X, 1/4X, 1/8X, 1/16X, 
1/32X and 1/64X concentrations. 
6. The four blanks were not diluted. 
7. The precipitate from sample #21 ( one of the largest precipitates) was collected 
and dissolved in HNO3. The resulting solution showed no Si and ignorable CA 
contents suggesting that the precipitate was protein material. 
Data Collection 
1. The Si and Ca contents of all standard and sample solutions were determined by 
triplicate readings of the detector output by the ICP instrument. The instrument 
provided the averages of three intensity readings and their relative standard 
deviations. 
2. The ICP software converted the intensity readings to concentrations in ppm 
(µg/ml of the element in solution) using the calibration curve generated by the 
provided standards. 
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3. Multiple wavelengths of each element were selected and identical analyses were 
performed using all selected wavelengths (3 for Si, and 3 for Ca). The wavelength 
that showed smallest RDS was selected for final report. 
4. The resulting concentrations were multiplied by 10 to back-calculate the 
concentrations in original lX solutions. 
Note: the specified contents of Ca and K for Dulbecco's Modified Eagle Medium 
(GIBCO 11965-084) are 72 µg/ml and 208 µg/ml and for F-12 nutrient Mixture (HAM) 
(GIBCO 11765-047) are 12 µg/ml and 3 µg/ml respectively. 
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RESULTS 
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Figue l. The graph shows也e mean (n=7) relative solubility in tems of% wei如Ioss of
MTA, mMTAl, and mMTA2 and血e control discs. Note軸there was weight ga血at
15, 30, 60’and 90 day time intervals.
The graph in Fig. 1 shows that the control discs lost slightly more weight
CO捌Pared to血e discs that were incubated in culture medium and th皿S there was weig曲
gain by MTA, mMTAl and mMTA2 instead ofa weig姐oss as was expected. Using血e
ANOVA and瓜e TUKEY HSD statistic there were no statistical di臨ences noted in the
% weight loss (solubility) among the MTA, mMTAl and mMTA2 at 15, 60 and 90 day
time intervals. The mMTAI samples had greatest weight gain and thus lowest solubility
CO劇Pared to mMTA2 which had the highest solubility at血e 30 day time interval. The
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TUKEY HSD statistic showed that there was a statistical difference between the mean % 
weight loss (solubility) ofmMTAl and mMTA2. However MTA samples were not 
different from mMTAl and mMTA2. 
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pH Data 
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Figure 2. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL, MTA , mMTAl and mMTA2 up to day 15. 
The graph in Fig 2. shows the mean pH of the culture medium which was 
measured as it was collected. Initially the pH of the culture medium collected from MT A, 
mMTAl and mMTA2 was higher when compared with the control but as time went on 
(as early as seven days) the differences were much smaller. 
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At day 3 the mean pH of the CONT (CM) was lower than all others, MTA was 
lower than mMT A 1 and mMTA2 but there was no difference between mMT A 1 and 
mMTA2. 
At day 7 the mean pH of MT A was lower than mMT A2. There was no difference 
between CONT (CM), MTA and mMTAl. 
At day 15 the mean pH of the culture of MT A was lower compared to mMTA 1 
and mMTA2 and no differences seen among CONT (CM), mMTAl and mMTA2. 
The only real trend seen was that all the pH data moved in the same direction, that 
is, that all the biomaterials went up or down with the control at the same time intervals 
with a range of 7.8 to 8.2. 
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pH-30 Day experiment 
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Figure 3. The graph shows the mean pH readings (n=7) of the collected culture 
medium from the CONTROL , MTA , mMTAl and mMTA2 up to 30 day time 
interval. 
The graph in Fig. 3 shows that at day 3 the mean pH ofMTA , mMTAl , and 
mMTA2 were higher than CONT(CM) but no differences noted among the three. 
At day 7 the mean pH ofMTA was lower than the CONT (CM) and no different 
among the others. 
At day 10 the pH of the CONT (CM) was higher than the pH of the MTA and no 
differences among CONT(CM) , mMTAland mMTA2. 
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At day 15 the mean pH ofmMTAl was higher compared to the CONT(CM), 
MTA, and mMTA2. 
At day 18 and day 23 the mean pH ofmMTAl and mMTA2 was higher than the 
mean pH ofMTA and at day 30 the mean pH ofmMTA2 was higher than MTA. 
Again the pH readings were moving in tandem and the pH range was very narrow 
compared from day 15 to day 30 when compared to first ten days. 
53 
pH- 60 Day experiment 
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Figure 4. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL, MTA, mMTAl and mMTA2 up to the 60 day time interval. 
The graph in Fig. 4 shows the mean pH measurements of the sixty day 
experiment. The fact that there was to much compression of the data the graph was split 
into 2 separate graphs. The first graph (Fig. 5) shows the data up to 30 days and the 
second graph (Fig. 6) shows the data 30-60 days. 
,/ 
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pH- 60 Day experiment 
pH vs TIME (UPTO 30 DAYS) 
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Figure 5. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL , MTA , mMTAl and mMTA2 up to 30 days of the 60 day 
experiment. 
The graph in Fig. 5 shows that at 1.5 and 6 days the mean pH of CONT (CM) was 
lower cqmpared MTA , mMT A 1, mMTA2 but no difference was noted among the MTA , 
mMT A 1, and mMT A2. There were no other differences noted in the mean pH readings 
up to the 3 0 day time interval. 
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pH- 60 Day experiment 
pH vs TIME (30-60 DAYS) 
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Figure 6. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL, MTA, mMTAl and mMTA2 from 30-60 days of the 60 day 
experiment. 
The graph in Fig. 6 shows no differences from 30-60 days between the CONT 
(CM), MTA, mMTAl and mMTA2. The one exception at day 53 where the mean pH of 
MTA was higher than CONT(CM), and mMTAl and mMTA2 was higher than MTA. 
Overall the 60 day experiment showed some erratic pH readings at 27 to 34 days and then 
again at 53 days but they were still moving in tandem with the control. The pH range in 
the 60 day experiment was 7. 7 to 8 .21. 
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pH- 90 Day experiment 
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Figure 7. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL , MT A, mMTA 1 and mMT A2 up to the 90 day time interval. 
Figure 7. Shows the mean pH measurements of the 90 day experiment. Again the 
fact that there was too much compression of the data the graph was split into 3 separate 
graphs. The first graph (Fig. 8) shows the data up to 30 days, the second graph (Fig. 9) 
shows the data 30-60 days and the third graph (Fig. I 0) shows the data from 60-90 days. 
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pH- 90 Day experiment 
pH vs TIME (UPTO 30 DAYS) 
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Figure 8. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL , MTA, mMTAl and mMTA2 up to 30 days of the 90 day 
experiment. 
At 1.5 days the mean pH ofmMTAl was higher than the CONT (CM), MTA, and 
mMT A2 and there were no differences among the latter. 
At 6 days, the mean pH of mMTA 1 and mMTA2 was higher than MT A but all 
three were not different from the CONT (CM). 
At 16 days the mean pH of CONT (CM) was higher than the MTA, mMTAl and 
mMTA2 but no differences noted among the latter. 
At 23 days the mean pH of CONT (CM) was higher than all the others. 
At 3 0 days the mean pH of MTA was lower compared to the others 
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pH- 90 Day experiment 
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Figure 9. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL, MTA, mMTAl and mMTA2 from 30-60 days of the 90 day 
experiment. 
At 34 days the mean pH of MTA was lower than CONT (CM) and mMTAl. 
At 37days the mean pH ofmMTA2 was higher than MTA mMTAl. 
At 46 days the mean pH of CONT (CM) was higher than all the others. 
At 57 days the mean pH of CONT (CM) was higher than MTA and mMTAl 
and the mean pH of mMTAl was higher than MTA. 
At 60 days the mean pH of the CONT ( CM) was higher than MT A. 
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pH- 90 Day experiment 
pH vs TIME (60-90 DAYS) 
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Figure 10. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL , MTA , mMTAl and mMTA2 from 60-90 days of the 90 day 
experiment. 
At 64 days the mean pH of the MT A is lower than the others . 
At 84 days the mean pH of the CONT (CM) was higher than mMTAl and 
mMTA2 and the pH ofMTA is higher than mMTAl. 
At 90 days the mean pH ofMTA is lower than mMTAl and mMTA2 . Overall 
similar trends were seen with the 90 day experiment. The range of pH readings was 7. 7 to 
8.21. The pH readings were still moving with the control pH showing the similar trends 
seen with the 15, 30, and 60 day experiments. 
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Summary of pH Data 
In order to summarize the extensive pH results the pH reading at the 15, 30, 60 
and 90 days were considered because these are the time intervals where the leaching of 
the calcium and the silicon ions were analyzed. 
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Figure 11. The graph shows the mean pH readings (n=7) of the collected culture medium 
from the CONTROL, MTA, mMTAl and mMTA2 at 15, 30, 60 and 90 day time 
intervals. 
The graph in Fig.11 shows that at the 3 day time interval there was no significant 
difference in the mean pH reading between mMTA 1 and mMT A2 but they were higher 
than the MT A which was higher than the control . 
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At day 15 the mean pH of mMTA 1 and mMT A2 was higher than MTA but they 
were not different from the control. The mean pH of CONT(CM) was higher MTA. 
At day 30 the mean pH of CONT (CM), mMTAl and mMTA2 were not different 
among themselves but were higher than that of MT A. 
At day 60 no differences were noted among the mean pH ofCONT(CM), MTA, 
mMTAl and mMTA2. 
At day 90 CONT(CM), mMTAl and mMTA2 were higher than MTA but no 
difference noted among the former. 
One interesting fact to note from Fig. 11 is that the mean pH of mMTAl and 
mMT A2 were not statistically different at any specific time intervals. However the mean 
pH of mMT A 1 and mMT A2 consistently higher that the mean pH of MTA. Using the 
TUKEY HSD statistic this difference was statistically significant (p=.05). 
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EDAX ANALYSIS 
This analysis was done to determine the changes on the surface of the discs after 
being placed in the culture medium. 
MTADisc 
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Figure 12. This graph shows the% composition of calcium and silicon on the surface of 
the MTA disc at time zero and at 15, 30, and 60 days. 
For the MTA discs the% composition vs . time graph ( Fig. 12) shows that there is 
a small gradual decrease in the surface Calcium and Silicon concentration which starts at 
32% at time 0 and decreases to 27% at 60 days. There is a similar trend seen with the 
composition of the silicon which starts at about 6% at time O and is about 2 % at 60 days . 
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mMTAl Disc 
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Figure 13. This graph shows the % composition of calcium and silicon on the surface of 
the mMTAl at time zero, 15, 30, and 60 days. 
The % composition of calcium and silicon on the surface of the disc was 26% and 
9% respectively at time 0 and decreased over time to 21 % and 1 % at 60 days 
respectively. 
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mMTA2 Disc 
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Figure 14. This graph shows the% composition of calcium and silicon on the surface of 
the rnMTA2 at time zero, and at 15, 30, and 60 days. 
The % composition of calcium and silicon on the surface of the rnMT A2 disc was 
26% and 12% respective ly at time 0 and decreased over time to 24% and 2.5% at 60 days 
respectively. 
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INDUCTIVELY COUPLED PLASMA ANALYSIS 
Inductively coupled plasma (ICP) was used to determine the amount of [Si4+] and 
[Ca2+] that leached into the culture medium. The raw data reported was in µg/ml of 
Silicon and Calcium ion, which was used to calculate the total number of micrograms 
(µg) by multiplying by the volume milliliter (ml) collected for each time interval. The 
total number of µgs was divided by the weight of the half disc to get the 
micrograms/gram (µg/g). The total number of micrograms was also divided by the 
surface area of the half discs to get the dissolution in micrograms/millimeter 2 (µg/mm 2). 
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SILICON 
Silicon in micrograms (µg) 
Silicon(ug) 
400 
350 
300 D CONT(CM) 
250 ■ MTA g> 200 
D mMTA1 150 
100 D mMTA2 
50 
0 
15d 30d 60d 90d 
# of days 
Figure 15. The bar graph shows the mean of the total# of µgs (n=3) of silicon ions that 
leached into culture medium from CONTROL [CONT (CM)], MTA, mMTAl, and 
mMTA2 at 15, 30, 60, and 90 day time intervals. This was calculated by using the raw 
data reported in µg/ml and multiplied by the total volume at the specific time intervals. 
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Silicon in micrograms/gram (µg/g) 
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Figure 16. The bar graph shows the mean amount in µgs (n=3) of silicon ions that 
leached into the culture medium per g ofMTA, mMTAl, and mMTA2 at 15, 30, 60, and 
90 day time intervals. This was calculated by using the raw data in µg/ml multiplied by 
the total volume of culture medium collected at the specific time interval and divided by 
the weight of the samples . . 
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Silicon in microgram/millimeter 2 (µg/mm2) 
Silicon (ug/mm2) 
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0 +-- ---- -'-- -'----r- -- '---'------'- -,---
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D mMTA1 
D mMTA2 
Figure 17. This graRh shows the mean amount of silicon ions that leached into culture 
medium (in µg/mm) (n=3) for CONTROL, MTA, mMTAl, andmMTA2 at 15, 30, 60, 
and 90 day time interval. This was calculated by using the raw data reported in µg/ml and 
multiplied by the total volume at the specific time intervals and divided by the surface 
area of the samples. 
The results from this graph were examined in more detail because it makes more 
sense when considering a clinical setting. The total weight of the material would not 
matter as much as the surface area that may be in contact with the tissue (biomaterial-
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tissue interface). The graph in Fig. 17 shows that at 15 days mMTAl had the highest 
dissolution of silicon (0.48µg/mm 2) followed by mMTA2 (0.17 µg/mm 2) and MTA (0.08 
µg/mm 2) respectively. Using the Tukey HSD statistic (Table 1) mMTAl was 
significantly different (p<.05) from MTA and mMT A2. There was no difference between 
MTA and mMTA2. 
The trend at 30 days was a similar trend where mMTAl (0.81µg/mm 2) leached 
the highest amount of silicon. It was statistically different (p<. 05) from MT A (0 .11 
µg/mm 2) and mMTA2 (0.19 µg/mm 2). There was no difference between MTA and 
mMTA2 (Table 2). 
At 60 days, the graph shows that mMTAl again is highest (0.54 µg/mm2) and is 
significantly (Table 3) different from MTA (0.19 µg/mm2) and mMTA2 (0.20 µg/mm2). 
At this time interval the absolute value of the silicon for mMT A 1 was lower than is was 
at 30 days. The values for MTA and mMTA2 were higher than at 30 days. 
At 90 days, mMTAl (1.02 µg/mm2) was significantly higher (Table 4) than MTA 
(0.21µg/mm2) at mMTA2 (0.27 µg/mm2) and there was no difference in the MTA and 
mMTA2. 
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Silicon 15 day 
Subset for alpha= .05 
materials N 1 
Tukey CONT(CM) 3 .0000 
HSD(a) MTA 3 .0833 
mMTA2 3 
mMTAl 3 
Sig. 
.227 
Table 1. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
Silicon 30 day 
2 
.0833 
.1667 
.227 
Subset for alpha= .05 
materials N 1 
Tukey CONT(CM) 3 .0000 
HSD(a) MTA 3 .1100 
mMTA2 3 
mMTAl 3 
Sig. 
.177 
Table 2. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
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2 
.1100 
.1900 
.396 
3 
.4833 
1.000 
3 
.8133 
1.000 
Silicon 60 day 
Subset for alpha= .05 
materials N 1 
Tukey CONT(CM) 3 .0000 
HSD(a) MTA 3 
mMTA2 3 
mMTAl 3 
Sig. 1.000 
Table 3 .Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
Silicon 90 day 
Subset for alpha = .05 
Materials N 1 2 
Tukey CONT(CM) 3 .0000 
HSD(a) MTA 3 .2100 
mMTA2 3 .2667 
2 
.1900 
.2000 
.998 
mMTAl 3 1.0167 
Sig. 
.116 1.000 
Table 4. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
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3 
.5367 
1.000 
CALCIUM 
Calcium in micrograms (µg) 
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Figure 18. The bar graph shows the mean total# of micrograms (n=3) of calcium ions 
that leached into culture medium from the CONTROL [CONT (CM)], MTA, mMTAl, 
and mMTA2 at 15, 30, 60, and 90 day time interval. This was calculated by using the raw 
data reported in µg/ml and multiplied by the total volume at the specific time intervals. 
73 
Calcium in micrograms/g (µg/g) 
Calcium ug/g 
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Figure 19. The bar graph shows the mean amount of calcium ions that leached into the 
cufture medium per g ofMTA, mMTAl, and mMTA2 at 15, 30, 60, and 90 day time 
intervals. This was calculated by using the raw data reported in µg/ml and multiplied by 
the total volume at the specific time intervals and divided by the mass of the sample. 
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Calcium in micrograms/millimeter 2 (µg/mm 2) 
Calcium (ug/mm2) 
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D mMTA2 
Figure 20. This grafh shows the amount of calcium ions that leached into culture 
medium (in µg/mm) for MTA, rnMTAl, and mMTA2 at the 15, 30, 60, and 90 day time 
intervals. This was calculated by using the raw data reported in µg/ml and multiplied by 
the total volume at the specific time intervals and divided by the surface area of the 
samples. 
For the same reasons mentioned earlier this graph must be examined in more 
detail. The graph shows that at the 15 day time interval, calcium ions that leached into the 
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culture medium were 2.07 µg/mm 2, 2.-58 µg/mm 2 and 1.86 µg/mm 2 for MTA, mMTAl 
and mMT A2 respectively. 
At the 30 day time interval calcium ions that dissolved into the culture medium 
were 3.90 µg/mm 2, 3.45 µg/mm 2 and 2.32 µg/mm 2 for MTA, mMTAl and mMTA2 
respectively. 
At 60 days the calcium ions that leached into the culture medium were 7.46 
µg/mm 2, 7.93 µg/mm 2 and 6.69 µg/mm 2 for MTA, mMTAl and mMTA2 respectively. 
MT A and mMT A 1 usually had higher values than mMT A2 but there was no significant 
difference noted between MTA , mMTAl, and mMTA2 for the 15, 30, and 60 day 
interval when the data was analyzed using ANOV A and the TUKEY HSD (Table 5-7). 
At the 90 day interval the calcium that leached into the culture medium was 
11.66 µg/mm 2, 10.74 µg/mm 2 and 5.61 µg /mm2 for MTA, mMTAl, and mMTA2 
respectively. Using the ANOVA and the TUKEY HSD there was no significant 
difference between the MTA and the mMTAl at P=0.05. However, the MTA and m 
MTAl were significantly different (Table 8) from mMTA2 at (p=0.05). 
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Tukey 
HSD(a) 
Calcium 15 day 
Subset for 
alpha= .05 
materials N 1 
Tukey CONT(CM) 3 .0000 
HSD(a) mMTA2 3 1.8567 
MTA 3 2.0700 
mMTAl 3 2.5833 
Sig. 
.102 
Table 5. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
Calcium 30 day 
Subset for alpha = .05 
materials N 1 2 
CONT(CM) 3 .0000 
mMTA2 3 1.4900 1.4900 
mMTAl 3 3.4500 
MTA 3 3.8933 
Sig. 
.312 .065 
Table 6. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size = 3.000. 
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Calcium 60 day 
Subset for alpha= .05 
Materials N 1 2 
Tukey CONT(CM) 3 .0000 
HSD(a) rnMTA2 3 6.6900 
MTA 3 7.4567 
rnMTAl 3 7.9200 
Sig. 1.000 .291 
Table 7. Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000 . 
Calcium 90 day 
Subset for alpha= .05 
materials N 1 
Tukey CONT(CM) 3 .0000 
HSD(a) mMTA2 3 5.6133 
mMTAl 3 
MTA 3 
Sig. 
.067 
Table 8.Means for groups in homogeneous subsets are displayed. 
a Uses Harmonic Mean Sample Size= 3.000. 
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2 
5.6133 
10.7400 
.097 
3 
10.7400 
11.6567 
.960 
DISCUSSION 
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DISCUSSION 
Solubility of MTA 
Previous studies have shown conflicting results in terms of solubility of MT A in 
water. Torabinejad showed that the solubility ofMTA in water is negligible but in fact 
may have been immeasurable with the method of measuring the mass. Fridland's study 
showed that MT A does have measurable solubility in water and it can be changed by 
altering the powder to water ratio. Fridland's study also measured specific ions that leach 
into water using Atomic Absorption Spectroscopy. Both of these studies are in contrast to 
the present study where there was slight weight gain. This weight gain may be explained 
by the fact that this study used culture medium instead of water which used in the 
previous studies. This weight increase may be due to the adsorption of inorganic and/or 
organic compounds to the discs and which could not be washed off and/or burned off 
completely. The study results indicate the solubility of MT A and the two modified 
versions may not determined by measuring the weight because of the interferences of the 
adsorption of organic and inorganic substances. The data from the inductively coupled 
plasma technique showed that there was leaching of calcium and silicon which would 
cause a loss in the weight. 
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The pH readings 
Fridland' s solubility study reported that the pH of the solution was highly alkaline 
with a range of 11. 94 to 11. 99 which is quite different from results of the present study. 
The present study data showed that the pH of the culture medium was in the range of 7 .2 
to 8.1 for MTA and very similar for the mMTAl and mMTA2. This result is not 
surprising because of the fact that culture medium is a Phosphate Buffered Solution 
(PBS), which will buffer any significant changes in pH to a physiologic pH. 
It has been suggested that the main ion that releases from MT A is calcium in its 
hydroxy lated state which leads to its high pH due to the Off 1. In addition, it has been 
suggested that the high pH may be responsible for the advantageous properties of MTA 
such as the regeneration of new cementum. This may be due to MT A sealing ability and 
biocompatibility. The calcium released from MTA in the present study is in the 
hydroxylated form but the high pH is not seen because of the buffer in the culture 
medium. 
Fig.11 shows the summary of the pH data .The results showed that there is no 
significant difference between the mean pH ofmMTAl and mMTA2 at the 3, 15, 30, 60 
and 90 day interval. However the mean pH readings of mMT A 1 and mMT A2 were 
. significantly higher (p=.05) than the mean pH of MTA at 3, 15, 30 and 90 day interval. 
This would suggest that more OH-1 ions are produced by the two modified versions of 
MT A, which suggests that there is more calcium in the hydroxy lated state. Studies have 
shown that high pH may be one of the conditions that lead to cementum formation 
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(Torabinejad et al., 1997). The present study results show that pH can be affected by the 
addition calcium and/or silicon. 
At the 3 day interval the mean pH of MT A, mMT A 1 and mMT A2 were higher 
than the control. This does suggest that initially MT A, mMT A 1, and mMT A2 had some 
affect of raising the pH of the culture medium but as time went on the buffer was able to 
maintain the pH to a range of 7.7 to 8.2. Also the CO2 buffering capacity from the CO2 
incubator would have some impact on the pH of the samples and the control. The CO2 is 
likely having some effect on the acid-base equilibrium and it is likely making the culture 
medium more acidic with the production of carbonic acid which may further buff er some 
effects of the hydroxide that may be dissociating from the CaOH which is leaching from 
the MTA, mMTAl, and mMTA2. There were no significant differences in the pH 
readings between CONTROL and the mMTAl and mMTA2 at 15, 30, 60, and 90 day 
intervals suggesting that PBS buffer is maintaining a certain pH range. 
The %Calcium and Silicon on surface of the discs 
EDS analysis shows that there is a decrease in the % composition of Calcium and 
Silicon from the surface of the discs and thus it would make sense that the calcium and 
silicon is leaching into the culture medium. There was no statistical analysis done 
because only 2 readings were run on the same disc sample. This part of the experiment 
does show qualitatively that there is loss of calcium and silicon into the culture medium. 
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Calcium Analysis 
This analysis was done with Inductively Coupled Plasma (ICP) instrumentation. 
The data showed that there was small amount of calcium in the CONTROL (CM). The 
data showed that MT A, mMTA 1, mMT A2 all leached calcium into the culture medium. 
The data supports the hypothesis that calcium leaches from the MT A into the 
culture medium. As the time interval increased, the total µg of calcium increased as well. 
This suggests that the equilibrium of ions leaching from the discs into the CM and ions 
adsorbing back onto the discs is never reached or at least not in the design of this 
experiment. This may be because the culture medium was changed every 3-4 days (to 
prevent any growth of bacteria) and therefore the equilibrium is not allowed to take place . 
This may occur clinically where circulation of blood at the MT A-tissue interface which 
may not allow for equilibrium to be reached or at least not for some time. 
Theoretically, if the culture medium is not changed then equilibrium would be 
reached at some time interval and the leaching of the calcium and silicon would stabilize. 
Using this I CP data a calculation was done to determine weight loss from MT A, 
mMTAl, mMTA2 due to the leaching of calcium and silicon. The data also shows that 
leaching of calcium cannot be significantly altered, by the addition of 6% Silicon and 
4.5% Calcium or 30 % silicon by weight, or at least not up to the 60 day interval. 
However, if the time interval is increased then it may be possible to alter the 
concentration as is shown by the data at the 90 day time interval. 
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The results suggest that the second part of our hypothesis, in other words, can the 
leaching of calcium and silicon from MT A into culture medium be altered, was 
indeterminate. 
The calcium data was normalized by calculating the µg/g ofMTA, mMTAl, and 
mMTA2. At each time interval, although statistically not significant, mMTAl had a 
higher µg/g of calcium that leached into the culture medium. This may have proved be 
statistically significant with a greater sample size. Due to the clinical significance, the 
µg/mm 2 of calcium leached was also calculated. The units of µg/mm 2 ( calcium that is 
leached per mm2 surface area ofMTA exposed to the culture medium) has more clinical 
relevance because the bulk of the MT A is enclosed within the root canal system and only 
a small surface area of the total amount of the MTA is actually exposed to the 
periradicular tissues. It is the surface area interaction of the MTA that will have 
beneficial osteogenic effects at the MT A-Tissue interface. This is true in all the MT A 
applications in Endodontics. 
Silicon Analysis 
The silicon analysis was also done using ICP. The data supports that there is a 
very small amount of silicon in the culture medium. The data also suggests that silicon is 
leaching from MT A into the culture medium at all time intervals and the leaching 
increases with time. This supports the first part of the hypothesis that MT A leaches 
silicon into the culture medium. 
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The data also shows that at the15 days time interval silicon release from mMTAl 
was significantly different from the MT A alone and from mMT A2 and there was no 
significant difference noted between MT A and mMT A2. Similar results were seen at the 
30, 60, and 90 day time intervals. 
The study supports the hypothesis that the leaching of silicon from MT A can be 
altered by the addition of 6% silicon and 4.5% calcium. There were no significant 
differences between MT A and mMT A2 and as thus the addition of the 3 0% silicon does 
not alter the leaching of silicon from the MTA. The other data that stands out is that with 
mMT A2, leaching increases with time at all time intervals except at the 60 day interval 
where a decrease is seen. The only possible explanation for this would be either that it is 
a false reading or the sample was not a 60 day sample. The leaching of silicon was also 
calculated for the units of µg/mm 2• The mMTAl showed the highest µg per unit area of 
all the materials followed by mMTA2 and MTA. This measurement is the one that is the 
most relevant clinically where only the surface area that is in intimate contact with bone 
will be leaching calcium and silicon into the surrounding tissues. 
Carlisle showed that silicon plays an important role in the initiation and 
calcification processes in bone. Chou et al., showed that higher release of silicon from 
bioglass material led to higher expression of osteocalcin. They concluded that silicon 
may be responsible for stimulating osteogenic cells at the biomaterial- tissue interface 
resulting in increased interamembranous bone formation. Keeting et al., showed that 
Zeolite (ZA-silicon containing compound) increased human osteoblasts mitotic activity 
3X in a dose dependent manner and they concluded that ZA induces the proliferation and 
differentiation of osteoblast lineage cells. Studies have shown that calcium can modify 
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cell functions in osteoblast and bone gene matrix. Katani et al., showed increase in 
upregulation of ALP with calcium concentrations of up to 5mM. Y oshitomo et al., found 
that extracellular calcium ions may stimulate macrophages to induce osteogenic 
cytokines such as BMP-2 and thus induce and enhance bone formation. 
The results of the present study suggest that MT A leaches calcium and silicon 
into the culture medium. This may be one of the properties of MTA that is most 
important along with the excellent seal, high pH and low solubility which signal bone 
healing to yield the great results with the use of MT A. The fact that the leaching of 
silicon can be modified with the addition of 6% silicon and 4.5% calcium suggests it is 
possible to modify MT A so it is optimized to enhance its osteogenic effects on bone 
healing after endodontic procedures. 
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CONCLUSIONS 
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CONCLUSIONS 
Based on the results of the study, the following conclusions were made: 
1) The solubility of MT A, mMT A 1 and mMT A2 cannot be determined by 
measuring the weight due to adsorption of substances from Culture Medium. 
2) The effect of MTA, mMTAl and mMTA2 is to increase the pH of the culture 
medium at the 3 day interval but does not have a significant effect at 15, 30, 60 
and 90 day intervals. In addition the mMTAl and mMAT2 yield a higher pH 
compared to MT A. 
3) MT A leaches calcium and silicon into culture medium and this dissolution 
increases with time. 
4) Dissolution of silicon from MT A into culture medium can be increased by 
modifying the MTA with the addition of 6% silicon and 4.5% calcium (mMTAl). 
The dissolution of silicon from MT A into culture cannot be altered by adding 
3 0% silicon. 
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5) Dissolution of calcium from MT A into culture medium can not be altered by 
adding 6% silicon and 4.5% calcium (mMTAl) or 30% silicon (mMTA2). 
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FUTURE STUDY 
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FUTURE STUDY 
This study showed that MT A does leach calcium and silicon ions into the 
culture medium and that the leaching of silicon can be altered with the addition of 6% 
silicon and 4.5% calcium. Future study would need to consider the hypothesis that the 
success ofMTA may also be, at least in part, due to these two signaling ions at the MTA-
bone tissue interface. Previous studies have shown that calcium and silicon have 
promoted the maturation of osteoblasts. Future study may try to determine the 
concentrations of calcium and silicon which would optimize the modified MT A for 
maximum osteogenic effect and healing of bone tissue. 
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